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INTERNMCULAR ENERGY TRANSFER BETWEEN THE INDIVIDUAL ZEROFIELD LEVELS

OF TRIPLET TRAPS IN AN ORIENTATIONALLY DISORDERED SOLID

Hansjorg S. Niedervald* and M4. A. El-Sayed

Department of Chemistry and Biochemistry

University of California

Los Angeles, California 90024

Abstract

The zerof ield transitions and levels of the phosphorescing triplet

- state of the traps in the orientationally disordered crystal of 1-bromo-

4-chloronaphthalene (ECN) are assigned by using phosphorescence -microwave

double resonance techniques at 1.8 K. The relative population of the

* different zerofield levels are determined at different delays after

singlet-singlet excitation and as a function of the energy of the emitting

*traps within the inhosogeneously broadened bands. For the same delay, the

* population of the radiating level is found to have a maximum which is at a

lover energy within the inhomogeneous profile than that for the dark level.

* This observation is contrary to predictions based on one-dimensional

* ~exchange mechanisms and night suggest the involvement of dipole-dipole .-

coupling for the triplet-triplet energy migration at the relatively large

distances involved in the energy transfer between the traps%

Permanent address: Physikalisches Institut, Universitat Bayreuth,

8580 Bayreuth, West Germany
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INTRODUCTION

Intermolecular triplet-triplet energy transfer in the orientationally

oriented solid of l-bromo-4-chloronaphthalene (BCN) has recently been

studied by using time-resolved laser phosphoresence line narrowing

techniques.(1-3 ) This was carried out at 4.2 K within the inhomogeneous

prof ile of the 0,0 band of the lowest energy singlet-triplet absorption.

The temporal profile of the laser excited donors is examined from which the

transfer mechanism is concluded. The results can be summarized as follows:

1. The transfer rate increases rapidly as the donor energy (laser

frequency) increases. This was described in terms of an increase

in the density of the acceptors, which are BCN molecules with

energies lower than that for the donor.

2. The one-dimensional exchange mechanism is found to account for

* -the data until the acceptor density falls below -5 mole 1.

3. The temporal results at low acceptor concentrations (low laser

frequency) could be described in terms of a 3-dimensional

dipole-dipole coupling.

4. At still lover concentrations, the trap emission of the crystal

Sis observed. The emission profile was theoretically described(2b)

in terms of an emission from excited molecules in the crystal

whose radiative probability is comparable to or larger than

their transfer probability.

In the present study, we extend the energy transfer studies to longer

times, i.e., we examine energy transfer between the so-called trapped

molecules. Furthermore, using phosphorescence-microwave double resonance

techniques, we examine the time dependence of the populations of the

. . -.
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different zerofield levels of molecules with different energies within the

inhomogeneous profile of the "trap" emission. The results suggest that for

the same delay after singlet-singlet excitation, the radiative spin levels

seem to shift the maximum of their population distribution to lover

energies more than that for the dark spin level. This result is

inconsistent with the one-dimensional exchange mechanism and can better be

described in terms of a dipole-dipole coupling for the triplet-triplet

energy transfer between the low density trap molecules.

EXPERIMENTAL

The BCN was synthesized from 1-amino-4-chloronaphthalene by a Sandmeyer " -

reaction. The material was extensively zone refined. Durene was purified-

by sublimination. The MIDP and the phosphorescence measurements were

carried out at a temperature of 1.8 K. Phosphorescence spectra were

recorded with a 1-m Jarrell-Ash monochromator with 0.5 7resolution.
The delayed spectra were taken with a Princeton Applied Research 162 boxcar

averager. The light source was a 100 V mercury lamp used with a NiSO4

aqueous solution and Schott UG 11 filter combination, passing mainly the 313

nm line to excite the sample.

Microwave Induced Delayed Phosphorescence (MIDP) experiments( 5) were

done monitoring the 0,0 band (and sometimes the 0,0-234 cm 1 vibronic

band) of the phosphorescence emission. A Hewlett Packard 8690 Sweep

Oscillator with 86991 and 8693A plug-in units was used as a microwave source

with an Alto Scientific microwave amplifier. The microwave frequency was

determined by the use of a Hewlett Packard 8557 spectrum analyzer. The

microwave power was brought by a coaxial cable to a helix surrounding the

sample.

\.... ~.** ~ - --Q-.-L-..- --.
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The lifetimes of the triplet sublevels were also determined by the MIDP

techniques. 1 5) The principle of this method is to determine the height of

the leading edge of the MIDP signal as a function of delay time relative to

the closing time of the shutter in the excitation light path. The slope of

the resulting curve yields the decay constant of the long-lived level. The

radiative lifetime of the short-lived level is determined from the decay of

the microwave induced signal.

An electromechanical shutter was driven at a frequency of approximately

1 Hz. Data were acquired with a Biomation 805 waveform recorder,

processed on an Apple II plus computer.

RESULTS

a) The zerofield transitions in BCN

Figure 1 shows the MIDP signals of the three zerofield transitions of

BCN in a BCN crystal. It was not possible to obtain cw-PMDR spectra of

these transitions. The strongest and sharpest one is the transition at 1.05

GHz, the one at 3.16 G~z is weaker and the one at 4.24 GHz is very hard to

detect, most probably due to its large hyperfine broadening. The signals

are the optical response to a microwave sweep at 2.5 MHz per us which

passes through resonance approximately 100 ms after closing of the shutter.

For a 10 -  molar solution of BCN in durene we find, within

experimental error, the same transition frequencies as in neat BCN.

b) Lifetimes

The lifetime of the radiative level of each of the 1.05 and 3.16 GHz

transitions is found to be the same and has the value of 10 us. For the

level involved in the 3.16 GHz transition, a lifetime of 50 as was

L ~*.J'/ .2*. -. ~ .~ ~ - ?*~Z Z L **.3. .f. . . •-o ~Co- -'
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determined, while in the 1.05 GB: transition a lifetime of 140 ms was found.

Thus the 4.24 GHz transition connects the 50 as and the 140 as levels. It

was, however, not possible to determine these lifetimes because of the weak

signal of this transition.

Similar measurements for a 10-3 molar solution of BCN in durene

resulted in about 20% longer lifetimes, which can be partly blamed on the

external heavy atom effect in neat BCU.

The above results are summarized in Table 1.

c) Phosphorescence Spectra

In Figure 2, three phosphorescence spectra are shown. On the top,

the phosphorescence of neat BCN under cw excitation is shown which is in

agreement with previously published spectra.( 4) The middle spectrum is

that for neat BCN which was taken 70 as after excitation. The gate on the

boxcar averager was 5 ms. The most significant difference between the cw

and the delayed spectrum is the relative intensities of the 0,0 band at

approximately 4950 & and the (0,0-321 cm-1 ) vibronic band at approximately

5030 A. The vibronic band is a factor of two weaker at 70 as delay,

indicating a large part of its radiation originates from a spin level which

has a shorter lifetime than that giving the radiation of the 0,0 band. The

spectrum at the bottom was taken from a BCN solid solution in durene. The

relative intensity of the different bands is the same in durene as in neat

BCN; however, the bandaapes are different. The bands are narrower and the

peaks are slightly shifted to the red (by around 2 3) in durene host.

. o . .° ° ° . . o . . . . ° . .° .
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d) The 0,0 Band Position and Line Shape

Figure 3 shows the iuhomogeneous lineshape of the 0,0 band of the

phosphorescence emission, taken under four different conditions. Curve a

shows the cw intensity distribution. Curves b and c show the height of

the leading edge of the MIDP signal of the 1.05 GBz zf transition, which is

proportional to the population of the nonradiative zf level after 70 as

delay time (curve b) and after 130 as delay time (curve c). Curve d is

derived from the phosphorescence spectrum taken after 70 ms delay, which is

the middle spectrum in Fig. 2. The 0,0 band in this spectrum reflects the

population of only the zf level with the 50 ms radiative lifetime. The

population of the 10 ms radiative level after 70 as delay is practically

zero.

The curves in Fig. 3 are normalized to the same amplitude, although the

original relative intensities vary from 1 for the cv spectrum to 0.1 for

the MIDP curves and to 0.01 for the delayed spectrum.

There is a significant red-shift by 1.5 A and a slight narrowing by

about 10% for the MIDP curves with respect to the cw spectrum. The MIDP

curves after 70 us and 130 us are nearly identical. The delayed
0

phosphorescence spectrum is red shifted by 2.5 A with respect to the cw

curve and by 1 A with respect to the MIDP curves. As the observed peak

r shifts to the red, it becomes more asymmetric with a steeper, sharper

long-wavelength edge.

DISCUSSION

a) Assignment of the Zerofield Levels

Group theoretical and detailed experimental analysis of C2v

dihalonaphthalene( 6 ) predicts that the 0,0 band originates from the TL

6 2. .
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* if level, the false origin built on an out-of-plane vibration of the

- halogen originates via vibronic-spin orbit coupling from the TM zf level.

The TN is expected to be dark. These results are in agreement with the

results of Figs. 2b and c if the 10 as is assigned to the TM level and the

50 as to the TL level. A delay of 70 as greatly reduces the intensity of

the 0,0-234 cm-1 vibronic band. A good fraction of the intensity of this

* band is expected to originate from TMj. Thus the 10 as radiative lifetime

*must be TM. Of course the 140 as must be the dark level which is

+- predicted to be TH. From this assignment, the transition at 1.05 Gz is

TN TM, that at 3.16 i is TM TL and that at 4.24 GHz

*is TN j TL-. These results are similar to those observed for

1-iodonaphthalene.(7) This is not surprising, since the spin orbit

* coupling of bromines, having spin orbit factors much larger( 8 ) than

* chlorine, would dominate the radiative properties of the af levels in BCN.

* b) Triplet-Triplet Energy Transfer Between the BCII Traps

The application of the MIDP method to the inhomogeneously broadened

phosphorescence lineshape bears two interesting aspects. First, it is

possible to measure the triplet state energy distribution after appropriate

delay times at which the population of one of the radiative levels has been

* completely depopulated. The other point is that the energy distribution of

the nonradiative level is measured as well by using MIDP techniques. A

* comparison can thus be made of the energy distribution in the different

(radiative and dark) zf levels. Differences can then be described in terms

of tbe differences in the energy transfer mechanisms involved.

.. . . . . S. ,* S~t.*. *pt. . * *..

***.*.p *~ * -. . ~ *.* P . P. .. 5~.*
zflvS h aleoii ul on an ut-of-plane*- virto of th * *-
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Figure 3 summarizes the results. Figs. 3a is the energy distibution in

a cw experiment and reflects the populations of the radiating levels, T L

and TM . Fig. 3d shows the energy distribution of the radiating -.

level(s) of trap molecules 70 ms after excitation. Since TM has a 10 ms

lifetime, this distribution reflects the trap population of the longer lived

radiating level, TL. Due to energy transfer to lover energy trap

molecules, the distribution shows a shift of its maximum to lover energy.

Curve b shows the distribution of the traps in the TN level after 70 ms.

The shift in the maximum in this curve (from the cv maximum) is found to be

less than that for curve d. This suggests that the population of the

radiating level, T L, transfer energy to the lover traps in 70 mas more

effectively than that for the dark level, rN . Furthermore, the energy

distribution of molecules in the dark level is found not to shift any

further if a delay of 130 as (Fig. 3c) is used instead of 70 ms (curve 3b).

One-dimensional exchange interaction is expected to have the same -

transfer probability for the different zerofield levels. This is due to the

conservation of the spin angular momentum in triplet-triplet energy

transfer (1 0 ) and the fact that molecules along the one-dimensional chain

have parallel magnetic axes. This would lead to the same shift in the

maximum of the energy distribution with time, independent of the zf level.

One possible explanation for the above observations could be that the

switching in energy transfer mechanism from short-range transfer to

... * .** / . .. ,. *~.

--. -. . . . -. . ..... -- ,--..-- -- i "-,_.i '. .-. **- .~ .. .. 1 ,,* -. . .. .. . .*. . ... . . . . . .... .. . .. ...



9

long-range transfer(2) is only possible for the radiative sublevels. The

nonradiative sublevel may only be capable of short-range energy transfer.

Thus for the <N> ensemble, energy transfer comes to an end, as soon as

there are no more energy acceptors present within the exchange critical

radius, which is undoubtedly smaller than that for the dipole coupling.
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TABLE 1: Summary of the Zerofield Transitions and Lifetimes for the

Lowest Triplet State of l-Bromo-4-Chloronaphthalene Traps

in Neat Crystals and in Durene at 1.80 K

- t- .

Lifetimes/ms Transition Frequencies/CHz
neat BCN BCN in durene TTM

TL 50 ± 10 65 ± 10 - -

T 10 ± 2 12 ± 2 3.16 ±0.01 .
M

140 - 20 180 ± 20 4.24 _ 0.02 1.05 ± 0.01
N.



Figure Captions

Fig. 1 MIDP signals of the three zerofield transitions of BCN in a neat

BCN crystal, detected at 4348 A. The microwave frequency was

swept at 2.5 MHz per millisecond; the sweep passed through

resonance at about 100 ms after closing off the excitation light.

The transition at 1.05 CMz is the strongest and narrowest one.

The one at 4.24 GMz is the broadest and weakest one; it is shown

on a larger time scale. The 1.05 Gtz and 3.16 GHz MIDP signals

decay with a 10 ms lifetime, the 4.24 GHz with about 50 mas

lifetime. Sample temperature was 1.8 K.

Fig. 2 Phosphorescence spectra of a neat BCN crystal under cv-excitation

(top), of the same crystal, taken with a boxcar averager 70 ms

after closing off the excitation light (middle) and of a 10-
3

molar solid solution of BCN in durene (bottom). Sample

temperature was 1.8 K. Excitation source was the 313 nm line of

a 100 W Hg-lamp. The major difference between the cv spectrum

and the delayed spectrum is in the relative intensities of the

0,0 band and the 0,0 - 321 cm-1 band. The lines in the middle

and bottom spectra are slightly narrower and red shifted by

1-2 A.

" Fig. 3 Inhomnogeneous lineshape of the 0,0 phosphorescence transition at

1.8 K, taken under four different conditions. Curve a shows the

cv intensity distribution, curves b and c show the height of the

leading edge of the MIDP signal at 1.05 Giz, which is

.- 7
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proportional to the population of the Tq sublevel, after 70 as

(b) and 130 as (c) delay time. Curve d is derived from the

delayed spectrum in the middle part of Fig. 2 and represented the

population of the T L sublevel. With the red shift, the curves

b, c and d also get slightly narrover and asymmetric. As Figs.

b and d show, the distribution of sublevel TL (lifetime 50 as)

at 70 ms is relaxed to lover energies than the distribution of

sublevel TN (lifetime 140 ms) at the same delay time.

'.-
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